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ABSTRACT. We prove the sharp quantitative Faber—Krahn inequality with a computable dimen-
sional constant, resolving a problem posed by Brasco and De Philippis |11, Open Problem 2].
In contrast with the known proof of the sharp estimate, our argument avoids indirect compact-
ness arguments and selection principles. It runs through a new level-set proof of the Saint—Venant
inequality, using that the torsional deficit controls both the average isoperimetric deficit and the
oscillation of the gradient magnitude along the boundaries of level sets. An effective local strong

isoperimetric estimate for confined sets then yields the result.
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1. INTRODUCTION

Let 2 C R™, n > 2, be an open set of finite positive measure. Its first Dirichlet eigenvalue is
f. .
A (Q) < inf {/ VolPdz s o]l 2y = 1} .
veEW?(Q) Q

The Faber—Krahn inequality states that
A1) = A (Ba),

where Bg is any ball with |Bg| = |2|. Equality holds only when Q agrees almost everywhere
with a ball. This inequality, a cornerstone result in modern geometric analysis and calculus of
variations, was originally conjectured by Rayleigh and proved independently by Faber and Krahn.

In spite of the fact that the Faber—Krahn inequality is, by now, a standard result in calculus of
variations, with its proof via the Polya-Szegs being, by now, as classical as the result itself, the
question of its sharp stability has a much more recent history.

In order to state it, we first recall that the natural scaling of the Dirichlet eigenvalue is given
by

M(1Q) = 720 (Q).

Hence, to measure oscillations of the Faber-Krahn inequality, it is useful to write it in the following

equivalent scale invariant form
Q" A (Q) > | B "M (B),
which is valid for any euclidean ball B. On the other hand, the distance of 2 to the family of
balls can be quantified up to changes of scale by its Fraenkel asymmetry
def. .

lof QA Bo(2)|
A = Il /g,
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The question of making the Faber—Krahn inequality quantitative is then equivalent to asking
how small A(€2) has to be, especially when compared to the natural deficit

Ork (92) def.

This question was first addressed for arbitrary open sets in every dimension by Fusco—Maggi—
Pratelli |22, who proved that

QA (Q) — B A(B).

A(Q)* < C(n)drk (),
where C(n) > 0 is a computable dimensional constant. Brasco—De Philippis [11, Theorem 2.10|
later improved the exponent from 4 to 3. Finally, Brasco—De Philippis—Velichkov [12| proved that

(1) A(Q)? < O 6rk (),

for some finite constant C' > 0. The exponent 2 is optimal, as is seen from smooth perturbations
of the ball. In spite of the striking nature of , the constant obtained in [12] is non-explicit,
as their proof uses a selection and compactness argument, and derives the sharp version thereof
by contradiction. We also refer the reader to the works of Allen-Kriventsov-Neumayer |1-3]| and
Fleschler-Tolsa—Villa [19]. For the first eigenvalue of the p-Laplacian, Bhattacharya |7] obtained
earlier asymmetry estimates, and Fusco—Zhang [23| proved the sharp quantitative inequality for
every p > 1, extending [12|. Ideas from the latter work have also informed quantitative Faber—
Krahn-type results for the Robin, fractional, and Gaussian Laplacians [10,13//16], the fundamental
tones of free plates [15], and the short-time Fourier transform [24]. Closely related developments
include the sharp quantitative p-isocapacitary inequality 28|, quantitative estimates for p-torsion
on convex sets [5], and stability estimates for the Dirichlet spectrum near the ball |14].

The purpose of this article is to prove with a computable dimensional constant. We use the
term effective sharp quantitative Faber—Krahn inequality for this conclusion. Here effective means
that the constant can be traced and computed explicitly through the proof; we, however, do not
try to optimize its numerical value.

More precisely, a dimensional constant is called computable if an algorithm produces certified
rational upper and lower bounds converging to it. In particular, every smallness threshold below
is obtained from previously fixed computable constants by arithmetic operations or finite searches;
no compactness argument is used to select it.

Theorem 1.1. For every n > 2 there is a computable constant Crx(n) > 0 such that every open
set 2 C R™ satisfies

In particular, assuming for simplicity that |Q] = wy,, for every € > 0, the condition A(Q2) > ¢

gives the explicit bound
2

9
A1(Q2) = A (B1) > Conc ()

Thus the result provides explicit rigidity thresholds in every argument in which a lower bound for

the asymmetry is known.

The proof’s first step passes through the Saint—Venant inequality. Let u = ugq solve

—Au=1 in{, u=0 on 01,
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and define the torsional rigidity by
() def / udz,
Q

where this time, the scaling law is given by T(tQ) = t"*2T(Q), see Therefore, among
sets with fixed volume, the Saint—Venant inequality states that the torsion is maximized by the
corresponding balls, which can be expressed in the scale invariant form as

def. nt2

Ssv () < [BI7 5 T(B) — 1075 T(Q) > 0,

where B is any euclidean ball thanks to the scale invariance.
The link between the Faber—-Krahn and Saint—Venant is then established via the Kohler—Jobin
inequality [9,126], which states that for any open set 2 C R™ it holds that

A(Q)T(Q)752 > M\ (B)T(By) 2,
notice that the scaling factors of the two quantities cancel each other on both sides. Therefore,
our main target will actually be proving the following result:
Theorem 1.2. For every n > 2 there is a computable constant Cgy(n) > 0 such that every open
set Q@ C R™ with |Q] = wy, satisfies
(2) A(Q2)* < Csv(n)dsy ().
Indeed, once Theorem is established the sharp stability of Faber—Krahn with a computable

constant follows.
Proof of Theorem[I.1. The Kohler—Jobin inequality gives

A (B1) (n+2)/2
A1(©2) >
thanks to the scale invariance we can take the unit ball for both quantities A\;(B;) and T'(B).
Since 1 — (1 + x)~*2/2 < (n 4 2)z/2 for = > 0,

n+2 T(By)
2 \(B)) e ().

)

T(Q) < T(B,) (

dsv(92) <

Theorem [I.2) proves the result with

Crk(n) = > (B sv(n).
This constant is computable: T(B;) = w,/[n(n + 2)] and A\ (B1) = j3/2—1 1» is given by the first

positive zero o the Bessel function of first kind, which admits computable numerical approxima-

tions. |

Our proof of Theorem [I.2] starts from an exact level-set identity. For

B {u>1), m(t) S B,

set

1
aft) = / S dHTT () déf'/ Vul dH™, e
o, |Vul 0" Ey

and

def.

Dy (t) = a(t)B(t) — Per(Ey)?, Dr(t) & Per(B,)? — ¢, m(t)>2/M,



4 ANDRE GUERRA, JOAO MIGUEL MACHADO, AND JOAO P. G. RAMOS

We prove

e Dy (¢) + Dy (¢
(3) dsv () Z/O Wdt-
The nonnegativity of Dy follows from the Cauchy—Schwarz inequality, while that of Dy follows
from the isoperimetric inequality. Identity therefore gives a direct level-set proof of the Saint—
Venant inequality and separates its two sources of deficit.

The main reason the proofs from [11,22] yield exponents 3 and 4, and hence fail to produce a
sharp result, is that at some point they use a Chebyshev inequality in order to select a certain
level set with controlled asymmetry. This, however, almost always induces a loss, as on average
all level sets must satisfy much better asymmetry.

Therefore, to obtain the sharp quantitative estimate, we parametrize the level sets by |E,| =
wpp™ and consider

a(p) = inf |E, A B,(2)]
The idea is to show that the variation of the function ¢ is small in terms of dgy(£2). This induces
a much stronger level-selection mechanism. Once that is done, we basically reuse the device used
in the older proofs to conclude.

In order to bound the variation of ¢, let z, be a minimizing center for its definition. If V,
denotes, roughly, a function proportional to the inverse of the magnitude of Vu on level sets of
u, and H, , detects how much the normal at that same level set deviates from the normal at the
circle, then the upper right derivative DT q satisfies

Dtq(p) < %q(p) + (distance between V, and H , on the level set).

We then split the distance on the right-hand side above into two contributions. The first is an
oscillation term, which measures how much V), varies. As it turns out, the oscillation of V, is
controlled by Dy almost directly from the definition.

We are then left with estimating how much the function H, , varies. As perhaps a surprise, this
can be precisely estimated: the strong quantitative isoperimetric inequality of Fusco—Julin [21]
controls the remaining normal term by D;. While the global proofs in [21,125] use compactness,
we only need the perturbative estimate for confined sets proved directly by Hensel and Laux |25,
Theorem 2|. Therefore, in Proposition below we verify that its smallness threshold can be
chosen computably.

Finally, we note that many of the arguments mentioned above need the boundedness assumption
Q C Bgr. We first carry out our program in that case and, by using truncation methods originally
available in |12|, together with the global, nonsharp estimate

A(Q)3 < C(n)dsy(Q),

we remove these conditions at the end. The Kohler—Jobin inequality then concludes the proof of
the effective sharp quantitative Faber—Krahn inequality.

Section 2 contains the required facts on torsion functions and finite-perimeter sets, the exact
identity relating dgv(€2) to Dy and Dy, and the effective nonsharp estimate with exponent 3.
Section 3 proves the effective sharp Saint—Venant inequality for bounded domains. Section 4
removes the boundedness hypothesis. Finally, Section 5 contains a generalization and a discussion

of possible alternative routes to effectivity.
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LLM USAGE

Large Language Models played a non-trivial role in the discovery process of the proof below.
The original idea for this manuscript started as a discussion between the first and third named
authors, where they observed that, in none of the proofs, the fact that one has quantitative
control on the variation of the gradient on the boundary of level sets is properly used. Part of
the inspiration came from their joint work on the stability of the Faber—Krahn inequality for the
short-time Fourier transform [24], whose proof uses simultaneously all the analytic and geometric
information available in that problem.

By interacting with GPT 5.4, it was suggested to the authors by the LLM that the main issue
with most of the ‘simple’ proofs of non-sharp stability is choosing a level set sufficiently close to
the boundary in which the deficit is comparable to the original one. This sparked the idea of
looking at the variation of the asymmetries.

Another extensive round of interactions — with several failed routes being explored and discarded
with the aid of GPT 5.4 and 5.5 — generated the fact that the derivative of the asymmetry of the
level sets exists, as that is a Lipschitz function, and it can be controlled by quantities directly
related to the problem. It was then suggested by GPT 5.5, and later confirmed by us, that the
variation in question might be related to the recent Fusco—Julin inequality (Lemma . The
final quantitative part, which is the effective version of Fusco—Julin for small deficit (|25]; see
Proposition , was then found by us.

The final writeup of this manuscript was human-made, with Al tools only being employed in
typographical fixes and editing, as well as in sourcing many of the references. The authors have
written and checked all proofs, and they take full responsibility for the contents of this manuscript.

2. PRELIMINARIES AND THE TORSION LEVEL-SET PROOF OF THE SAINT-VENANT INEQUALITY

We start with the qualitative Saint—Venant inequality. Let €2 be an open subset of R". Its
torsion function u = ug is the unique weak solution of

—Au=1 inQ
(4)
v =0 on 0f.

We recall that the torsion functional can be defined as
(5) 7(Q) = / ugdz.
Q

It also admits a dual formulation; defining

1 1
(6) E£(Q) © min {/ |Vo|2dz — / Uda?} we have £(Q) = —=T'(Q).
vew2@) 12 Ja Q 2

Throughout this article, we will privilege the formulation via the torsion function to study the
rigidity properties of its level sets. But regardless of the formulation, the Saint—Venant inequality
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states that torsion is maximized by balls:
T(Q) < T(By),
where B, is a ball with |B,| = |2]. We first compute the torsion of a ball and record its scaling.

Lemma 2.1. The following identities hold
Wn
1) T(B]) = ———;
(1) T(B) =
(2) T(tQ) = t"T27(Q) for all t > 0.

Proof. By exploiting the symmetry of a ball B,., it is easy to verify that the function
et 72— of?
" 2n
solves the Poisson equation for Q = B,. From uniqueness of solutions to this PDE in this
smooth setting, it must be the torsion function.
Integrating up, in polar coordinates, and writing o, _1 = H" 1 (0B1) = nwp,

2 2 r
re — |z On—1 _ w
T(B,) = / T dx = 772171 /0 (r* = p*)p"dp = w12 i %) rnt2,

The above formula gives the torsion of the unit ball by taking r = 1, but also reveals the correct
scaling of the torsion functional. Now taking a general {2 open subset of R™, if ¢ > 0 and
—Awy =1, in tQ,
wy = 0, on tOf).

wi(z) 20 (%) , then

Once again by uniqueness we have u;g = wy, and the change of variables x = ty gives

T(1Q) = / wydz = / Pug(y) t'dy = "F2T(Q),
t$2 Q
which finishes the proof. O

Thanks to the scaling of the torsion functional proved above, we can assume without loss of
generality that the domain is normalized to satisfy |2| = w,,. We then define the mass function
m : [0, ||u]|co]) — [0,wy] via the family of super level sets of u, that is

B S {u>t),  om(t)E B for 0 <t < [|u].

Our goal is to study the fine properties of almost every level set E; and integrate them back to
the torsion functional. A key tool is comparing the perimeter of the level sets with the perimeter
of a ball of the same volume, which is given by the classical isoperimetric inequality, valid for sets
of finite perimeter. Therefore, we briefly introduce this class here.

Definition 2.2. Let £ C R™ be a measurable set. We say that F has finite perimeter if its
indicator function 1x admits a distributional derivative D1 g € .# (R™;R") that is a finite Radon
measure. In this case, we define the perimeter of E as
Per(E) < | D1 g|(R™).
This is a very abstract definition instead of naively imposing the topological boundary 0F to
have a finite (n — 1)-dimensional Hausdorff measure. This notion is more robust and allows for

a more general class of sets, which is crucial for the analysis of level sets of Sobolev functions.
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For sets of finite perimeter the more adapted notion is the reduced boundary denoted by 0*F,
see |27, Chapter 15|, which is defined as the set of points = € supp D1y such that

vp(r) et im _ Dig(B,(z))
r—0+  |D1g|(By(x))

The Borel vector field vg is called the measure-theoretic outer unit normal to E on its reduced

exists and belongs to S*L.

boundary 0*E. De Giorgi’s structure theorem states that the reduced boundary 0*FE is (n — 1)-
rectifiable, the following characterization of the weak gradient holds

(7) Dlp = —vgH" 'L O*E, and Per(E) = H""1(0"E).
With this technology, it is natural that the isoperimetric inequality
Per(E) > nwl/™| E|"—D/n

holds for sets of finite perimeter, see for instance [6[27]

These properties can be lifted to the analogous class of functions of bounded variation over an
open 2 C R™ and denoted by BV(Q2). We say that f € L'(Q) belongs to BV (Q) if its distributional
derivative Df € .#(2;R") is a finite Radon measure. The total variation of f is then defined as

def.
V() & D),
and provides the link to the perimeter of sets of finite perimeter via the co-area formula [6,(17],
which states that

TV(f) = /ﬁo Per({f > t})dt.

—o0
2.1. The qualitative Saint-Venant inequality. Coming back with this technology to the tor-
sion function u, defined in (4)), we have that u € I/VO1 2(Q) C BV(R), and therefore the co-area
formula applies to u. This allows us to study the level sets E; of u and their perimeters Per(E})
for almost every ¢ € (0, |u|/s). To this end, it is useful to introduce the following quantities that
will be recurrent in this work

er. 1 — er. — er.
a(t) = / A O / Vul dH™ Y, e, € n2w?m,
0* By |V’LL| 0*Ey

Lemma 2.3. The function m is continuous and strictly decreasing on (0, ||u|loc), and is locally
absolutely continuous there. For almost every t € (0, ||ullo), the set Ey has finite perimeter, its

measure-theoretic (inner) unit normal is given by
Vu
vg, = ——— on 0" E;,
By |V'LL| t
and

—m() = alt),  B(t) = m(t).

Moreover ||ulloo < (2n)71.

Proof. Extend u by zero outside €. Since || < oo, u € W01’2(Q) C WOI’I(Q) C BV(R"), the

coarea formula gives
b
/ Per(E;)dt = / |Vu|dz < oo
a {a<u<b}

for 0 < a < b < ||u||oo. Thus E; has finite perimeter for almost every ¢t. Local elliptic regularity

and Stampacchia’s lemma imply [{Vu = 0}| = 0: indeed, the second derivatives of u vanish
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almost everywhere on {Vu = 0}, whereas Au = —1 in Q. The coarea formula applied with
|Vu|~! therefore gives

b

1
m(a) — m(b) = / / ——dH" " lat.

a * By |VU|
Consequently, m is locally absolutely continuous and —m/(t) = «(t) for almost every ¢. In
addition, the coarea formula also gives vg, = —Vu/|Vu| on 0*E; for almost every ¢.

It remains to prove the identity §(t) = m(t) for almost every t. It is tempting to use 1g, as
a test function in the Poisson equation solved by u. Although 1, is not in VVO1 ’2((2), notice that
for all ¢ > 0, by the maximum principle E; N 9Q = ), therefore from classical elliptic regularity u
is smooth over Ej}.

As a result, integration by parts using the finite Radon measure D1p, gives
(8) m(t) =|E| =— | Audr = / Vu-dD1g, :/ |Vu|dH" ™ = B(t),

Ey Q O*Ey

for every t > 0 such that E; has finite perimeter. Notice that in the BV-integration by parts
above we have used the outer unit normal Vu/|Vu| = —vg,.

Finally, for the L* bound, the Cauchy—Schwarz and isoperimetric inequalities now yield

a(t)B(t) > Per(E;)? > eom(t)?~2/™.
Thus
—m/(t) = a(t) > cum(t) 72" >0

whenever m(t) > 0. Since the torsion function is positive almost everywhere in 2, this proves
continuity and strict decrease on (0, |u]|). Finally, using the identities relating «, 8 and m above

we have d 5
() > 2
dtm( )z n"
for almost every t. Integrating from ¢ to ||ullo and then letting e | 0 gives
n w?«/n 1
[ulloo < 5 =
2 ¢, 2n

This shows the interest of defining the following deficits
(9) Du(t)

Notice that both are non-negative quantities; while Dy (t) > 0 thanks to the Cauchy-Schwarz

def.

©a(t)B(t) — Per(E)?,  Di(t) < Per(Ey)? — ¢, |E|>2/"

inequality, Dy(t) > 0 for each t such that E; is a set of finite perimeter, due to the classical
isotropic isoperimetric inequality. As a result, Dj(t) measures the distance of the level set E;
from a ball. On the other hand, from the equality cases of the Cauchy-Schwarz inequality, the
deficit Dy (t) gives a measure of oscillations of the gradient |Vu| over 0*Ej.

Our goal is to relate these quantities with the deficit of non-optimality of the Saint-Venant
inequality, which is defined as

(10) Ssv () < T(By) - T(Q),
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notice that the deficit assumes this form since we have normalized the volume of € to be || = wy,.
This relation gives a direct proof of the torsion inequality and a route to quantitative stability
through quantitative forms of the inequalities that make Dy and Dj nonnegative.

Theorem 2.4. Let Q C R™ be open with |Q| = wy,, and let u be its torsion function. Then

lualloo

In particular, since Dy (t) and Dy(t) are nonnegative for a.e. t, this identity implies the Saint-
Venant inequality.

Proof. Let u® be the decreasing rearrangement of u, to recall is definition, first we define the
one-dimensional profile
u(s) L inf {teR: [{u>t} <s},

and we set, with a slight abuse of notation, u°(z) e (wp|x|™). Define the following quantities

gl+2/n

2/n°

def. Suoa o sdéf' s _
I<s>—/0 @)o G 1)+

Since m is strictly decreasing and locally absolutely continuous, m(u°(s)) = s and the theorem

on inverses of monotone absolutely continuous functions gives, for almost every s € (0,w,),

Computing the derivatives of G, we have

2 g2/m 1
G's)=T(s)+ (1+ =) ———— =u°(s) + §2/m
( ”> (44 2n) wil" 2nwi/"
1 82/1171

Gl/(s) — _

a(u(s)) + Cn

A simple integration, using the change of variables s = m(t), gives

[, sera= [ </ - a(uf<s>>> o

:/Ollunlloo <m—m(t)> "

 [lalle [ Ca(t)B(t) — Per(E,)? Per(E,)? — cam(t)® =
_/0 << enm(t)1=2/n ) ' ( enm(t)!72/" >> !

/ el Dy(t) + Di (1)
pu— dt-
0 Cn m(t)l—Q/n
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Integration by parts gives

/ T G (s)ds = 14 G(0) — Glwn).
0

1+2/n
But G(s) = I(s) + 5—2/, and from the preservation of mass property of decreasing
(44 2n)wy"
rearrangements it holds that I(w,) = / u®(o)do = / udr = T(£2). As a result, we have that
0 Q
lualle Dy (t) + Dy (t) w w w
ST DY Q= 2 I(wy, )= -T2
[ = e (e + g y) = ey T
=T(B1) - T(2) = dsv (),

where we used T'(By) = % from Lemma This finishes the proof. d

2.2. A suboptimal quantitative result. Given Theorem a natural way of obtaining a
quantitative stability result for the Saint-Venant inequality is to apply the sharp quantitative
isoperimetric inequality on each level set. For this inequality an effective constant is provided for
instance by Figalli-Maggi-Pratelli |18|. Following this work, there exists a computable constant
kn > 0 such that, for every set of finite perimeter E with |E| = w1},

(11) Per(E) — Per(B,,) > rnry LA(E)?, A(E) et it |[EAB,(2)] (Z)‘
z€R” |E|
All constants below that use quantitative isoperimetry are expressed in terms of this fixed k.
However, this strategy, similarly to the argument from Fusco-Maggi—Pratelli [22], results in a
suboptimal stability exponent. As we will need it in the passage from the stability in a bounded
setting to global, we give a short proof for the reader’s convenience and for comparison with our
argument in Section [3]
Inspired by the identity for dgyv(€2) from Theorem we would like to avoid the factor m(t)

in the denominator. For this reason, we introduce the change of variables t = t(p) defined as
(12) E, def {u > t(p)}, where t(p) is s.t. |E,| = |B,| = wnp".

that gives the explicit expression m(t(p)) = |B,| = wpp™ at the cost of introducing the Jacobian

(13) w(p) € ~t'(p),  du(p) = w(p)dp.

Since the map p — ¢(p) is monotone, it is almost everywhere differentiable and hence the function
w well-defined. A useful identity coming from these definitions that will appear frequently is the

following one

(14) w(p) a(t(p)) = Per(B,),
which is an easy consequence of the chain rule. Indeed, differentiating both sides of w,p" = m(t(p))
gives
d
Per(By) = 3 m(t(p)) = m'(t(p))t'(p) = (=a(t(p))) (~w(p)) = wlp)a(t(p)).
We let v, denote the measure-theoretic outer unit normal to £, on its reduced boundary:

. def __Vu(:c)
P VB |Vl

for z € 0°E,.
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With this notation, we prove the following properties for this change of variables

Proposition 2.5. Let t = t(p) and w(p) be the change of variables and its Jacobian defined
in and respectively. Then it holds that

1
0<w(p) < P a.e., and dgy () = wn/ p" [B — w(p)} dp.
n 0 n
Proof. Using the change of variables ¢ = ¢(p) defined in above, the identity for the torsion
deficit from Theorem [2.4] becomes

Il Dy (8) + Di(t ' Dy (t Dyt

(=t'(p))dp

1
[ D) DIt o,

On the other hand, from the definition of Dy and D; we recall that

2

0 < Dy (t) + Di(t) = a(t)B(t) — com(t)* 7,

evaluated at t = t(p) we have

2

Dy (t(p)) + Dr(t(p)) = wap" alt(p)) — nw?/™ (wnp)* "

= wnp" (alt(p)) = nfwnp" ).
In addition, at almost every radius under consideration, a(t(p)) < oo and Per(B,) > 0; hence

gives w(p) > 0.
Now using that w(p) a(t(p)) = Per(B,), we get

n—1
w(p

as a result we get 0 < w(p) < P for almost every p € (0,1). Using this in the formula for dgyv(€2):

n
Lwnp™ (a(t(p)) — nwnp™ 2)w(p
dsv(€2) :/ lodi )2) 2 Jul )dp
0 n=wp P
=Per(B,)=nwnp" !
1 ’ ‘ 2. n-2
_ n | _wlp)altlp)) —nwnp"wlp) | 4
= | “np n2 o =2 P
0 n P

O

This machinery greatly helps in proving a provisional stability result and will be useful later in
the proof of the version with sharp exponent.
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Theorem 2.6 (Suboptimal stability). There is a computable constant Cs(n) > 0 such that every
open set @ C R™ with |Q| = wy, satisfies

(15) A(Q)? < C3(n)dsv(9).

Proof. 1f A(2) = 0, there is nothing to prove. Assume henceforth that A(2) > 0. Using the
isoperimetric inequality , we obtain for almost every p that

(16) Di(t(p)) = c(n)p™ 2 A(E,)*.
Indeed we can rewrite the deficit as
Di(t(p)) = (Per(E,) — Per(B,)) (Per(E,) + Per(B,)),

apply the quantitative isoperimetric inequality to the first factor and bound the sum of

perimeters from below by an}/ "pn=1 since once again the isoperimetric inequality gives Per(E,) >
Per(B,).
Let pg = (1 — A(Q)/4)/", using the triangular inequality for any p € [pa, 1] yields that

A(Q
A() < A(B,) + 201~ %) < A(E,) + 201 — ) = A(E) + 200,
Consequently, A(E,) > A(€2)/2 throughout this interval.

Using (16)), and bounding D (t(p)) > 0 in the exact identity for dgy from Theorem gives

1
(17) 5w () > e(n) A(9)? / prw(p)dp.

PA

Next, adding and subtracting the ball profile p/n, we obtain

1 1 ntl 1
P P
p"w(p)dpz/ dp—/ p" (= —w(p))dp
/pA pa T (n )

pA

_ 1t —/1 p" (% —w(p)> dp.

n(n + 2) oA

The integrand in the last term is nonnegative thanks to Proposition [2.5] which also implies that

[ G ios [ (o) ar= oo

A n

Moreover, since pg < 1

Q

Hence

1
(18) [ #ulo)dp = cmA@) - Clndsu(@).
p

A

Combining and , we find
5sv(Q) > ¢(n)A(Q) — C(n)A(Q)%5s5v(Q),

or equivalently

(14 C(n)A(92)%)dsv () > ¢(n)A(Q)°.
Since every Fraenkel asymmetry satisfies 0 < A(€Q2) < 2, the factor on the left is bounded above by
a dimensional constant. Thus A(Q2)? < C3(n)dsy (). The constant C3(n) is computable because
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it is obtained from n, w,, and the fixed computable constant x, by finitely many arithmetic
operations. O

3. SHARP QUANTITATIVE SAINT-VENANT INEQUALITY IN A BOUNDED DOMAIN

The goal of this section is to first prove quantitative stability on a bounded domain, therefore
we fix R > 2 and an open set Q@ C Br(0) with || = w,. Our goal is to relate Dy (t(p)) and
Dy (t(p)) to the derivative of the distance between E, and the family of balls of radius p. Define

(19) a(p) S nf |E,AB,(:).

which we also call the moving ball distance. A few easy properties follow directly from the defini-
tion:

Lemma 3.1. The following properties of the function (0,1) > p — q(p) hold
(1) For all 0 < p <1 we have q(p) < 2wp;
(2) The infimum in the definition is attained.
(3) The mapping p — q(p) is 2nwy,—Lipschitz.

Proof. Ttem (1) follows directly from the fact that both sets have volume at most w,. For item

(2), notice first that for any center z such that
|EpABy(2)| = 2wnp”,

we must have that E, and B,(z) are disjoint. Hence taking any center such that E, N B,(z) # ()
will reduce this value. As a result, we may consider only z € %. Compactness and continuity
with respect to the center give a minimizer.

For item (3), we need only a simple argument using the triangle inequality. Consider 0 < o <
p < 1 and let z; € R™ be optimal in the definition of ¢(7) for i € {0, p}. Then, using the elementary
identity that |AAB| = |B| — | A| whenever A C B, we have that

q(p) < |EpABy(20)| < |EpAEs| + [E;ABs(20)| + [Bs(20)AB)(26)|
— 4(0) + 2w (p" — a") < (o) + 2nn(p — o).
Changing the roles of p and o, the result follows. O

This last property implies of course that p — ¢(p) is differentiable almost everywhere, and our
goal for now is to estimate its derivatives. In these estimates the following quantities will naturally
appear

det. wW(p) def. (x —2) - vp(x) — def.][ Per(B,)
20) V, = e Hz, (.%') = VvV, 6 = VvV, = e —
( > = vl ’ y *= Jos,? = Pex(B)

where the last equation is due to

Vodi' = wp) [ o W = w(p)alt(p) = Per(B).

0°E, o 5, |Vl

With this notation, we can estimate the derivative of the moving ball distance from above.
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Lemma 3.2. Assume that Q is an open set with 02 smooth. For each radius p € (0,1), let z, be
a minimizer in the definition of q(p). For almost every radius p we have the following bound

n n—
(21) d(0) < "qlp) + / IV, — H., ,|dH" 1,
P 0*E,

In the proof of this result, we use the following variable-width coarea formula.

Lemma 3.3. Let 2 be an open set with smooth boundary and & < ( be continuous functions over
Q. Then, for almost every s € (0, ||ul|,,) we have that

C - gdHn_l
*{u>s} |Vu]

1
lim — [{h - hCY =
Jim 1 <u—s <yl = [ ,

where the exceptional set depends only on & and .

Proof. As in the proof of Lemma by the maximum principle, the set {Vu = 0} is negligible,
so we can apply the coarea formula. First we prove this result for £ < ¢ being simple functions of

the form
k k
i=1 —1

where the sets A; are pair-wise disjoint. For each i, the coarea formula gives

s+hq;
|{hpi<us<hQi}mAi|:/ / LA gy,
s+hp; “{u>t} |Vul
As a result, for every Lebesgue point of the one-variable function ¢ f o fust) |1Vful|dHn_lv we
have that
limll{h~<u—s<h-}ﬂA~\—(-— )/ 1A1d7-l”1
h—0+ h bi 4 i =% b O {u>s} |Vl

Since the sets are pair-wise disjoint, by linearity the conclusion follows for &,  as above.

For general &, (, we approximate the nonnegative difference ( —¢ with simple functions as above.
First, we consider an outer approximation with simple functions (&, (x) such that ¢ < (i and
& < & Then we get that

hmsup H{hé <u—s < h(} < hm - \{hfk <u—s < h}

h—07+
— / Ck‘ - gk dHn—l / C - gd/}_[n—l.
o*{u>s} |V’LL| k—o0 o*{u>s} |Vu|

For each k the limit above holds in a set of full measure depending on the approximation ((x, &),

taking the union of all exceptional sets still gives an exceptional set of measure zero. Considering
now an inner approximation by simple functions such that ¢ > (; and & > &, the result follows.
O

Proof of Lemma[3.3 Since q is Lipschitz, it is almost everywhere differentiable so whenever its

derivative exists, it coincides with

D q(p) © fim sup alp+1) = alp) < limsup ‘EerhAB’Hh “p ‘ }E AB <ZP>‘
h—0+ h o+t h

where the upper bound is obtained by using z, in the infimum defining ¢(p + h).
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To compare g(p + h) to q(p), we consider p such that r — ¢(r) is differentiable, so that
t(p+h) =t(p) —hw(p) + o(h), and we consider the homothetic map

T () def Zp + (p—;h> (= 2p),

that is 7}, maps B,(z,) onto B,ip(z,). Hence

q(p+h) < |Ep+hATh(Ep)‘ + ’Th(Ep)ATh(Bp(me
= |Ep+hATh(Ep)‘ + (1 + Z)nQ(P)

So that
n
q(p+h) = qlp) < |EpinATH(E,)| + hzq(p) + o(h),
and to conclude it suffices to prove that

E AT, (FE
lim sup ‘ pth hh( p)‘ < / ‘Vp—HZp,p’dH”_l.
h—0+ 0*Ep

Recalling that t(p + h) = t(p) — hw(p) + o(h), one can check that

T, ) =x — Z(az — 2,) + O(h?)

u(T, ' (2) = u(x) — ZVu(x) (x —z,) + o(h).

In addition, since we have assumed 0f) to be smooth, from classical elliptic regularity theory it
holds that u € C*(Q), and therefore the remainders are uniform among x € E,. ;- As a result,
for any radius 0 < p < 1, there is some h such that p 4+ h < 1 and for any h < h we have

Ep+h C Eer;L, Th(Ep) - Ep+7“ and o+h € Q,

where the second inclusion follows from the fact that T}, converges locally uniformly to the identity.
Hence, for all sufficiently small A > 0 we have

[t(p + h) = t(p) + hw(p)| < ch

and
T =z

p
As a result, in order to apply Lemma we define the following bounded continuous functions

(o) L min { (o). Vute)- T2 G0 S max{ (). Tule) T2,

sup < eh.

CEGEﬂJr;L

u(Th_l(:x)) —u(x) + hVu(x) -

P p
With this notation, the two uniform estimates above imply
(22)  (BpaATh(E,) C {2 € Q: h&, (@) — 26) < ulx) — t(p) < h(Cy(x) +2)}.

Formally Lemma applied at s = t(p), would now give the required limit of the measure
of the right-hand side. However, since the exceptional set from Lemma [3.3] depends on Borel
functions, whereas £, and (, depend on p, collecting these exceptional sets for all p might lead to
an union with positive measure. We avoid this by considering only a countable family of Borel

functions

Caber L min{a, bVu(z) - (1 —2)} — ¢, Capes = max{a,bVu(z) - (x — 2)} + ¢,
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where a,b,c € Q, b,c > 0, and z € Q™. This family is countable, so Lemma [3.3] holds for all its
members outside one null set of levels. This null set also produces a null set of radii p. Indeed,
for every integer j > 2, we known from Lemma [2.3] that the map

o ()™

is absolutely continuous on the levels corresponding to p > 1/j, and therefore maps null sets of

levels to null sets of radii. Taking the countable union over j proves that the exceptional radii form
a null set in (0,1). In addition, we consider also the null set of points such that a(t(p)) = +o0,
since dgv (2) < +o0, the characterization from Theorem implies that the set of such p’s have
measure zero. Hereafter, we assume that p is outside this null set.

Next, approximate the parameters —w(p), 1/p, € and z, by rational parameters (a,b, ¢, z) in
the family above. Since Vu is continuous on ), the approximation is uniform. Choosing c slightly

larger than the approximation error and 2¢, we can assume that
{h(&(x) — 2¢) < u(z) —t(p) < h((y(x) + 2¢)}
C {hapez <u(x) —t(p) < hapez:}
while its width converges uniformly to ¢, — £, + 4c. Lemma @ therefore yields
|(Ep+nATH(E)))| </ G =&
O E,

2L 2P AU 4 deal(t(p)).

lim sup vl
U

h—0+ h
Since we have taken p such that a(t(p)) < +o0, letting ¢ — 0 and using

T —2p Vu

Co =& = |w(p) + Vu- b v, = — Yl on 0"E,
gives
E,n ATH(E ‘w(p) +Vu - =
lim sup |(Eprn ATh(Ep))| < / dHn!
h—0+ h OB, |Vul

:/ \V, — H,, ,|dH" .
9*E,

This completes the proof.
O

Remark 3.4. The assumption of 02 being smooth is not necessary, but it makes the proof
simpler, as we would in the former case need an argument to show that the volume of the symmetric
differences divided by h does not concentrate at the boundary. We make the trade-off of simplifying
this proof and using a simple approximation argument in Theorem [3.7]

In order to bridge the gap between the estimate of ¢’ and the quantities Dy, Dy, our major
tool is going to be the quantitative isoperimetric inequality. This is very natural to expect as
the isoperimetric deficit controls the Fraenkel asymmetry between a given set and the euclidean
ball |18]. That is the natural proof strategy used in the proof of Theorem However, this does
not help in dealing with the term H,, , defined in . In fact, this term resembles a distance
of v,, the normal vector field to 0*E),, to the constant vector field at 0B, defining its normal.
Taking this into account, one is naturally induced to consider its relationship to the reinforced

isoperimetric inequality proposed by Fusco—Julin in [21].
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Curiously, the original proof of Fusco—Julin [21] also uses the Cicalese-Leonardi selection prin-
ciple, hence it does not provide a computable constant, as the sharp stability of the Faber-Krahn
inequality of Brasco-De Philippis—Velichkov [12]. Recently, however, Hensel and Laux [25] have
proposed a new proof using a calibration argument, which, although in the global case their ar-
gument does not provide a computable constant, since it also uses compactness, they provide a
computable constant whenever the isoperimetric deficit is sufficiently small. Fortunately, this is

enough for our purposes, and will be recorded below.

Proposition 3.5. For every n > 2 and Ry > 2 there are computable constants epy(n, Ry) > 0
and Cry(n, Ry) > 0 such that every set of finite perimeter F' C Bp, satisfying

1P| = wa, / xdz =0,  Per(F) — Per(By) < epy(n, Ro)
F

obeys
2

Z 1AM < Cry(n, Ro) (Per(F) — Per(By)).

(23) ‘FABl‘Q —l—/ VE — m

o*F

Proof. We use the perturbative calibration theorem of Hensel-Laux |25, Theorem 2|, with the sign

of the calibration reversed to match our outer-normal convention. We first recall that its smallness

threshold is computable, as the perturbative proof contains no compactness argument, since it only

uses a fixed finite atlas of the sphere, the Euclidean relative isoperimetric and Sobolev inequalities,

convolution with a fixed smooth kernel, and the eigenvalues k(k+n—2) of the spherical Laplacian.
Set A(F) = Per(F) — Per(By). By (1)), there is y € R™ such that

|FAB; (y)| < C(n)A(F)Y2,

with computable C(n). Reduce the final threshold so that the right-hand side is less than wy,.
Then By (y) intersects F' C Bp,, and |y| < R+ 1. Since the barycenter of F' is zero,

/ a:d:n—/ xzdx
Bi(y) F

The translation estimate for balls now gives

wnly| = < (Ro +2)[FAB1(y)]-

(24) |FAB;| < C(n, Ro)A(F)Y/2.
Let £ be the Hensel-Laux calibration and set
£(F) % / (1= &-vp)dHn.
oO*F
Since £(B1) = 0, Gauss—Green and yield
E(F) < A(F) + |[divE|| o[ FAB1| < A(F) 4 C(n, Ro)A(F)"?,

We can therefore choose a computable epj(n, Ry) > 0 so that E(F) < eca(n, Ro). Taking v =1/2

in the perturbative calibration theorem gives
E(F) <4A(F).

Writing £(z) = f(|z|)x/|z|, where 0 < f <1, one has pointwise
2

VF—i §4(1—§~VF).

|z]
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Together with , this proves (23)). Every threshold and constant used above is obtained from
computable quantities by finite arithmetic operations and finite searches. O

To simplify our estimates, further decompose inequality into two parts via a simple trian-

gular inequality, this gives the following three terms
(25) qd(p) < —q(p) + / ’Vp - Vﬂ‘ dH" !+ / |VP - Hzpyp(l‘” dunt
P 0*E, 9*E,

In the sequel we control these terms by the deficits Dy (t(p)) and Dy(t(p)) defined in (9). As
mentioned above, the main ingredient is the strong quantitative isoperimetric inequality of Fusco-
Julin. However, for each level set £, Proposition provides a center Z, that might be different
from the center z, that is optimal for the definition of ¢(p). As a result, in a second moment, we
verify that the distance between them is also controlled by these deficits, provided that these are

not large.

Proposition 3.6. The following estimates hold for almost every p € (0,1):

(1)

2
(/ Vo= Vol d’H’“) < Dy (t(p)).
OE,
(2) With the computable constant ry, from (1)),

a(p)? < 5= p*Dilt(p))

(8) For every p. € (0,1) there are computable constants ny = nr(n, R,px) > 0 and C =
C(n, R, ps) > 0 such that, for almost every p € [p«, 1] satisfying Di(t(p)) < nr, there is a

center z, for which

2
B, AB, (%) + ( /6 L d%) < CDy(t(p))-
P

If z, is optimal for q(p), then also

2
|2, — Z,| < CDy(t(p))"/?, ( /a IHZp,p—Vpld’H"‘1> < CDy(t(p)).

*EP

Proof. We prove the three estimates at radii for which the preceding identities hold and E, has
finite perimeter. Starting with item (1), recall the definition of V,, and V, in

det. w(p) = def. v, dHnl = Per(B,)

|V’ L 9*E, Per(E,)’
as well as the deficit Dy (t(p)) = a(t(p)) B(t(p)) — Per(E,)%. By the Cauchy-Schwarz inequality,

it holds that
2 = \2
_ V,-V
/ ‘Vp _ Vp‘ d?‘[n_l S / Vp dHn—l / ( 4 P) d/}_[n—l
0*E, 0B, oE, Vp

The first term can be computed as

7

V,dH"" ! = Per(E,)V, = Per(B,).
9*E,
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As for the second, we develop the squares to obtain

— \2
V,—-V
/ ( P p) danl _w(p)/ 1 dHTL*l
0*E,

Vp 0*E, [Vl

%4 .

— 2V, Per(E,) + —L / Vu|dH"™
p ( P) "LU(,O) 8*Ep’ ‘
Hence, recalling the definitions of «(t), 3(t) and that w(p)a(t(p)) = Per(B,) we get
(Vp _ Vp)2 n1 _ Per(By) _ Per(B,)
/6*E v, dH" " = W@(t(p)) B(t(p)) — Per(B,) = WDH@(P))-
P

Multiplying both terms, and recalling that Per(B,) < Per(E,) by the isoperimetric inequality,
since these sets have the same volume by construction, item (1) follows.
For item (2), the quantitative isoperimetric inequality gives

- 2nkK
Di(t(p)) = 2nwn ki " QA(Ep)Q = 7;‘](,0){
which is the asserted estimate.

We now prove item (3). Fix p, € (0,1) and p € [ps, 1]. Let

be the barycenter of E,, and define F, = p~*(E, — z,). Since E, C Bpg, one has |z,| < R and
F, C Byg/p,- Moreover,

Per(E,) ~ Per(B,) _ Dilt(p) _ Di(t(p))

pn—l — annp2n—2 — 2nwnpzn72

(26) Per(F,) — Per(By) =
Choose the computable number 17 (n, R, p«) < 1 so that the last quantity is at most ep;j(n, max{2,2R/p.})
whenever D;(t(p)) < ny. Proposition followed by scaling, then gives

(27) |E,AB,(,)> < C(n, R, p.) Di(t(p),

(28) /8 .

We first estimate the second quantity in item (3). Recall that V, = ﬁiiggzg. The triangle

I—Zp

2
dH™! < C(n, R, p.)Di(t(p)):

Vp — -
P |$_Zp’

inequality gives
/ |Hs, , — V| dH"! < Per(E,)(1 - V),) +/ |H:, , — 1 dH".
*E, 0*E,
The first term above, which takes into account the error of replacing Vp by 1, satisfies

Per(E,)(1 - V,) = Per(E,) - Per(B,) < 2P < 0, p,) Dy (1(p)).

2nwpp1 T

def. [o—z,| o def. -3,
o p A

|Hz,p— 1l =lab—1]=|(a—=1)b+(b—1)| < |a—1][b] +1 -0

As for the second term, set a

"V, so that Hz , = ab, |b] <1, and

_ _o2
|z — Z| r—=p

p

)

—1‘+ v

’x_5p|
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Here we used that both vectors in the last line have unit length, and hence 1 — b is one half of
their squared distance. Consequently,

/ |H:,,— 1 dH" ' <1 + Ty,

P

where
1 o2
T déf' / |CL — 1| d’Hn_17 I déf' / vy — :C ’ip den—l'
0°E, 2 Jog, |z — 2|
Estimate directly gives
(29) T, < C(n, R, p.) Dy (t(p)).
1 -z, |
For 7;, we use again the identity 1 = b+ - |v, — 2| to write
2 |z — Z,|
1'1:/ la — 1 Ly, dH +/ la —1] v, — S A
oE, |z — Z| 2 JorE, |z — Zp|
d;f.l.l’1 d;f.Il,2

The first integral can be estimated with Gauss—Green. Consider the vector field

X(I‘) déf |:C_ZP| _ x_%P )
P |z — Zp|
Its divergence is locally integrable and equals

n n—1 _

;_|x_2‘7 ’x_zp‘>p>
divX(x) = "

n—1 n _

-, lz—2z| <p.

lz =2 p
On the other hand X‘BB = 0, so that
P

X vp, dH" ' = / divXdz = 0,

B, B,

allowing us to write

Tia :/ divX(x)da:—/ divXdz
E B

P P

= / divX(z)dx — / divXdz
Ep\Bp By\E,

n n—1 n n—1
_/ (— )dx—i—/ <— >d$
E,\B, \P |z — 2| B,\E, \P |z — 2|

n
< ;‘EPABp(Zp)‘ <C(n,R, P*)Dl(t(p))l/g-

(30)

For the second integral, |z — Z,| < 2R on E,, and thus

2 1
Tis< R+ / y
20« Jog,

(31) < C(n, R, p)D1(t(p))-

T —2Zzp

2
dHn—l

‘m_ip’
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Combining these estimates and using Dy(t(p)) < nr < 1, we obtain
[ VHs = V40 < Cn R p ) (Dr(e(p) P+ D)
P

< C(n, R, p.) Dr(t(p))"/2.

Squaring proves the first integral estimate in item (3).
It remains to compare the centers z, and z,. Let d = |z1 — z2|. For 0 < d < 2p, the exact lens

formula gives
/2
’BP(Zl)ABp(ZQH = 4wn_1/ (p2 — 32)(n71)/2d8.
0
Using this formula for d < p, and monotonicity for d > p, yields

. 3\ (n=1)/2
) B)AB )| 2 " minle1 — 2l b ) =201 ()

From the minimality of z, and , we get
CleHS(n)Pnil min{|z, — Z,|, p} < |By(2p) AB,(2))| < |EpABy(2,)] + [EpAB, (%)
< 2|E,AB,(%,)| < C(n, R, p.) Dr(t(p))"/*.
Reducing the computable threshold n;(n, R, ps) if necessary, the minimum is attained by its first
branch. Hence
12— 5l < Cln, R, pu) Di(t(0)) 2.

After one further reduction of iy, the identity Per(E,)? = Per(B,)?+D;(t(p)) also gives Per(E,) <
2 Per(B,). Consequently,

Per(FE
/ |Hz,p — Hz, pl dn ! < er(£y)
o°E,

’ZP - EP’ < C(”? R, p*)DI(t(p))l/Z'
Finally, another application of the triangle inequality gives

/8* \H.,,— V,|dH"! g/ ]Hzp’p—Hgmp\dH"_l—i—/ \Hz,, — V| dH" !

) 0*E, 0*E,

< C(n, R, p.) Dr(t(p)"/.
Squaring finishes the proof of item (3). O

We now combine the exact formula for the Saint—Venant deficit with the bounds for the deriv-

ative of g. The effective confined strong isoperimetric estimate connects these two parts.

Theorem 3.7 (Bounded sharp Saint—Venant stability). For every n > 2 and R > 2 there is a
computable constant C(n, R) > 0 such that every open Q@ C Br with |Q] = wy, satisfies

(33) A()? < C(n, R)dsv ().
Proof. First we consider the case that 9€) is smooth for simplicity. We start by fixing the following
quantities
def. def. Px
*x = 4a = 5.
P 3/ 70 2n

and choose the computable threshold for the isoperimetric deficit n; = n7(n, R, px) > 0 from
item (3) of Proposition
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We first make the endpoint p = 1 precise. The torsion function is positive almost everywhere
in €2, hence E, 1 €2 up to a null set as p 1 1, it then holds that

q(1) " inf |QAB(2)] = wa A(Q).
z€R"
Indeed, as ¢ is Lipschitz over (0,1) from Lemma it extends continuously to [0, 1], and since
the minimizers z, in the infimum defining ¢(p) are all contained in the same compact set, the
identity above holds.
Since the derivative estimate is only an upper bound for ¢, we work with its positive part
4 (p) et max{q'(p),0}. Our main goal is to prove that

1
(34) / (a(0)? + (. (0))2) dp < C(n, R)Ssv (),

Px
which will be done in the sequel. Once (34) is established, a simple argument through the funda-
mental theorem of calculus connects A(Q)? and dgv(€2).
Recall that applying the change of variables t = #(p) in the exact identity from Theorem

gives

() / Dy (t(p)) + Diltle))

n2wnpn—2
Since the defects are nonnegative and p € [py, 1],

(35) | (Do) + Ditt(p))dlp) < Ol p.)is ().

We divide [py, 1] into the good set

G < {p € lps;1] s w(p) > 10, Dr(t(p)) < nr}

and its complement. The latter has small measure:

(36) |5, 1]\ GI < C(n, pa; 1) dsv (€2)-

Indeed, Proposition [2.5] gives

0<w(p) <

31

; /01 p" <£ - ’w(P)) dp = idsv(Q)‘

n Wn

On {w < 79}, with 79 = p+/(2n), the integrand is at least p?*1/(2n). This controls the measure
of the low-density radii. On the other exceptional set, where w > 19 but Dy > 17, we use

dp = w(p)dp and estimate to get

1 1
w2 7. Di(tp) > ni}l < = [ Dilt(p))an(p) < Cosv (),
Px
yielding .
We now bound ¢ and ¢/, on G. Item (2) of Proposition [3.6] gives

q(p)? < C(n)Dy(t(p)).

At almost every differentiability point of ¢, we have the estimate for ¢’. And since now we
are inside the good set, using items (1) and (3) of Proposition as well as the preceding bound
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for g, we obtain
d(p) < "alp) + / IV, V, ann! + / V, — H., | dH""!
o E, 0B,

< C(n, R, pu) (Dur(t(p) 2 + Di(t(p))?) .

Since the right-hand side is nonnegative, the same estimate holds for ¢/,. Consequently, for almost
every p € G,

(37) a(p)* + (¢ (p)* < C(Dr(t(p) + Dr(t(p)))-

But since w > 79 on G, we have dp < 7y ldu, so that equation yields

[ @0 + (e 0)) dp < (@),
On the other hand, using the elementary estimates from Lemma [3.1

q(p) < 2wy, ¢y (p) < 2nw, for almost every p,

together with , these imply the following estimate on the exceptional set

/[p 1 (00 + ) dp < oy @),

Adding the good and exceptional parts proves .

It remains only to turn this averaged estimate into endpoint control. For every s € [py, 1], we
apply the fundamental theorem of calculus, ¢(1) = q(s) + fsl ¢ (p)dp, and taking the average in s
over [py, 1] so that

W= —— [ qwas+—— [ [ ¢(papa
q(l) = /qs 5+ //qp pds
1_p*p* 1_p*p*s

1 1
N 1 _1p* /p* C](S)ds + /p* (:0 - p*)q'(p)dp.

1— ps

Since ¢’ < ¢/, and 0 < % < 1, it follows that

/qu(S)dS + /1 ', (p)dp.

*

1) <
q<)*1_p*

So applying the Cauchy—Schwarz inequality to both terms, along with gives

q<1>sﬂl_*p*(/jq<s>2ds) " 1p*(/j<q’+<p>>2dp>
< CV/osv ()

Since q(1) = wr A(Q), squaring both sides gives A(Q)? < C(n, R)ésv(Q).
Now we consider a general open set {2 C Bgr. By smooth approximations there is a sequence

1/2 1/2

(%) peny With smooth boundary such that

QU C Uit € e D] —— w2\ —— 0, and T(Q) —— T(Q).
k—oo k—o0 k—o0

Since now €2 does not have volume w,, we can rescale it as

o et [ wn 1/n N W (n+2)/n
O = (T2) Qu, so that T(Qy) = | — (%) —— T(Q).
Uk Vg, k—oo
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For all sufficiently large k, the dilation factor is at most 2, and hence €, C Baop. Moreover,
lflk — 1q in L', so
A) — AQ),  Ssv() — dsv(Q),
while convergence of the Fraenkel asymmetries follows directly from the L! convergence of in-
dicator functions, convergence of the torsion can be easily proven with the dual formulation of

Q — T(Q) from @ Applying the smooth result in Bog and passing to the limit gives
A(Q)? < C(n,2R)dsv(9).
Since the final constant is a result of finitely many computable operations, proves the theorem. [

4. REMOVING BOUNDEDNESS ASSUMPTIONS

In this section, we provide a truncation argument to reduce the stability question to sets inside
a fixed ball. The argument we provide mirrors the one of Brasco-De Philippis—Velichkov [12,
Lemma 5.3], with the exception that we use the global suboptimal stability estimate with exponent
3 from Albeit the similarity, we include the argument for completeness and for the sake of

verifying the computability of every constant.

Lemma 4.1. There are computable dimensional constants Ct(n) > 0, d(n) > 2, and d.(n) € (0,1]
such that, if |Q| = w, and dsv () < 8.(n), then there is an open set Q with |Q] = w, and

(38) diam(Q) < d(n), dsv(Q) < Cr(n)dsv(Q), A(Q) < AQ) + Cr(n)dsy(Q).
Proof. We follow the direct proof of |12, Lemma 5.3], replacing the quartic stability from [22]| by
Theorem [2.6] Recall the torsion functional’s dual formulation given by

E(Q) e in {1/ |VU|2dx—/vdx}:—1T(Q).
vew?@) |2 Ja Q 2

The Euler-Lagrange equations for the problem above imply that the torsion function u = ugq is
optimal for £(), and the deficit can be rewritten as

S05v(0) = £(Q) — £(By).

If 6gv(R2) = 0, Theoremgives A(Q) = 0, and we take Q = By, hence we assume dgy (Q) > 0.
Up to translating the set (2, we can assume that an optimal asymmetry ball is given by Bj, so
defining

Q\ B
b A sy,
Wn,
the suboptimal stability for Saint-Venant from Theorem [2.6] gives
1/3
(39) b < A(Q) < (Ca(n)dsv ()™

Next, we use the following tail estimate from [12, Lemma 5.1]: there exists a computable

dimensional constant L,, such that

(40) 1wl oo (@\Bryr) < LnlQ2\ Bg|'/™.

1/n

In particular, taking R = k this estimate implies that ||u|p~(\B,,,) < Lnby -
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Let pr(z) = min{l, (k4+2—|z|)+} and use gru as a competitor for £(2N Bj42). The optimality
of u in the definition of £(2) gives

1
E(QN Bryz) <€) + 510\ Brnl (el e, ) + 1030, ) -
Since by, < 1, (40) gives
(41) E(QN Byya) < E(Q) + Alb ™,

with computable A/ .
Now we want to apply the qualitative Saint-Venant inequality to the set N By, recalling
the scaling for the torsion T'(¢Q2') = t"*2T()'), the minimality of the ball gives

n+2

E(B1)(1 = bpy2)
Since £(B1) <0 and 1 — (1 —0b)P > b for b € [0, 1], this yields

1 n
< E(QN Bryo) < E(B1) + 50sv(Q) + At

(42) brsa < Kn(dsv(Q) + by 7™,

where K, is computable from A/ wy,, and T'(B1) = wy,/[n(n + 2)].
Put ¢ =14 1/(2n). Choose a positive rational d,(n) < 1 so small that

(Cs(n)s.(m))* <1, 2K, (Cs(n)s.(n))"/ ) < 1.

As long as b2 > 2K,dgv(2), recursion implies by1o < bz. Choose a computable integer
m(n) such that ¢"* > 3 and
Cy(n)?"/36,(n)1" 31 < 2K,

Iteration separately on the even and odd indices shows that there is kg < 2m(n) + 2 such that
(43) bko-i-l < 2Kn(5sv(Q).

All these choices are finite searches over rational numbers and integers.
Set U = QN By,13 and r = (|U|/w,)/™. By reducing d,(n) once more, gives 1/2 <" < 1.
Define Q = 7~'U. Then |Q| = w, and
diam(Q) < 2"/ (2m(n) + 5) < d(n).

Equations and , followed by the scaling of &, give

Ssv(@) =2 (r~EW) - £(By))
< p(n+2) (5sv(ﬂ) n 2A;Lb}m+j{") < C(n)dsv ().
Finally, let By(z) be optimal for Q. Scaling this ball back and using ,
wp A(Q) < |Q\U| + |UAB,(rz)| + |By(rz)ABi(rz)|
< wa A(Q) + C(n)dsy (D).
Enlarging the computable constant C(n) gives (38). O

Proof of Theorem[I.3 Assume || = wy,, and abbreviate § = dgv(Q2), Cr = Cp(n), d = d(n), and
Cy, = C(n,d), where C(n,d) is the computable constant from Theorem [3.7]
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If § > 84(n), then A(Q)? < 4 gives

4
A(Q)? < 5.0

Suppose that 6 < d.(n). Lemma gives, up to a translation, a set Q) C By such that

J.

dsv(Q) < Crd,  A() < AQ) + Cro.
The bounded theorem therefore yields

A(Q) <V C,Crd + Crd.

Since § < d4(n),
A(Q)? < (20,Cr + 2CF6.(n))0.

Thus the theorem holds with the computable constant
4
(44) Csv(n) = max {W, 2C(n,d(n))Cr(n) 4+ 2C1(n)?, (n)} :
This concludes the proof. [l

5. FINAL COMMENTS

5.1. Other types of eigenvalues. As done in [12], we can more generally define the first eigen-
value of the Laplacian in the L2-topology, for all

2 .
1<q<2*d§f, T_n27 lfTLZ?),
B 400, otherwise,

as the following quantity

(45) Aog () L inf / IVo|2dz.
veW, (), JO
||U||Lq(Q):1

Setting 0(q,n) = 2/n+2/q — 1 > 0, the natural scaling of this new quantity is given by
Aaq(2) = 74 x5 ().

Thus the natural scale-invariant deficit is defined as

def.

(46) 62,4(92) Q"5 A4(92) — |B1|* @ Az4(B1) = 0.

For g = 2, this is precisely the Faber—Krahn deficit.
Thanks to the Dirichlet energy being kept the same, this quantity is also related to the same
torsion functional 7'(2), thanks to the Kohler-Jobin type inequality proven by Brasco [9]:
et 2421
241
Applying il — (1 4+ z)~* < z/a to (A7), exactly as in the proof of Theorem and then

scaling gives

(47) A2,g(QT(Q)™4™ > Xy o(B1)T(B1)**™, where a(g,n)

Csy(n)T(By)
(q,n)A2,4(B1)|By|%@m)

A()? < Cog(n)024(), Cagln) = —
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This is the sharp estimate of Brasco—De Philippis—Velichkov 12|, but with a computable constant,
since g 4(B1) is computable from its radial Euler-Lagrange equation.

The sharp quantitative Faber—Krahn inequality for the first Dirichlet eigenvalue of the p-
Laplacian was established by Fusco-Zhang [23]; see also Bhattacharya [7] for earlier asymmetry
estimates. The transfer above, however, is specific to the quadratic Dirichlet energy and the linear
torsion problem, and therefore does not immediately provide effective constants when p # 2. We
expect that the level-set techniques developed here may also be useful in that setting, which we

plan to address in future work.

5.2. Different proof strategies. While interacting with GPT 5.4 and 5.5 about this problem,
several other proof ideas were explored, as alluded to previously. We record four routes that we
explored in our path to obtain the proof above of the effective stability. We note that, currently,
none of the proofs have been closed, and hence they have not yet produced an effective proof
with the same generality as the argument above. The first is a quantitative version of the known
selection proof, whereas the remaining three use parts of the level-set structure in different ways.

5.2.1. An effective selection principle. One could try to make the proof of Brasco—-De Philippis—
Velichkov [12] effective. Starting from one set with small torsional deficit, a penalized minimization
problem should produce a quasi-minimizer whose asymmetry and deficit-to-asymmetry ratio re-
main comparable to those of the original set. The free-boundary theory of Alt—Caffarelli |[4] would
then place the selected boundary in a graph class. A quantitative bootstrap followed by the nearly
spherical second-variation estimate of [12], in the spirit of Fuglede |20], would give the desired
quadratic bound.

The delicate point is not the formal penalization, but rather that, in the known argument,
compactness is used to obtain a global graph over one sphere and the strong convergence needed
for the perturbative expansion. A direct version would require quantitative graph-entry, patching,
and Schauder estimates, all uniform for a single selected minimizer and stable under volume
normalization. It does seem, to us, like this could be the most viable route to obtain an alternative
proof of our main result, but since we were seeking a proof that uses all geometric information of
the problem at once, we decided to pursue our proof strategy rather than that one.

In contrast to the effective selection principle route, the one developed here has the added bonus
of not having to rely too much on any form of regularity theory, being mostly elementary when
confined to basic theorems in geometric measure theory.

5.2.2. A metric trace for the level-set foliation. A second possible route could retain the whole
family E,, but regard instead F, = p_lEp as a curve of fixed-volume sets modulo translations,
with
dx([A}[C) S inf |AA(C+y)l.

The term D; should control the squared distance of F), from the unit ball through strong isoperime-
try and the homothetic part of its motion. The term Dpg should control the remaining normal-
velocity component. Together they would bound the metric speed of p — [F},]. An action estimate
followed by a trace inequality on an outer interval would then yield a near-boundary level close
to a ball, and the omitted boundary layer could be added back at the end.

This formulation is close to the proof above, but asks for more. The deficit controls the natural

action with respect to the weighted measure du = —t'(p)dp, whereas transport to the endpoint
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requires unweighted control across radii where —t'(p) is small. The small measure of these radii
does not control the metric variation of a rough set-valued curve. The present proof avoids this
obstruction by estimating only the positive derivative of the scalar moving-ball distance ¢ and by

using its global Lipschitz bound on the exceptional radii.

5.2.3. Selection followed by an inner Serrin level. An intermediate possibility is to use selection
only to obtain uniform C1” free-boundary estimates. For the torsion function of the selected set,
the level-set identity produces a regular level close to the boundary on which Dy and Dy are
small. Uniform Hélder control of Vu could upgrade the weighted L? oscillation measured by Dy
to an L approximate Serrin condition. A quantitative Serrin estimate, for instance in the spirit
of [8], would confine that level between concentric spheres. The inherited C7 control could then
promote it to a small radial graph, where a direct perturbative estimate applies.

This route may avoid the C*7 bootstrap required by the direct selection proof, but it does not
avoid selection or free-boundary regularity. It also requires uniform constants in the interpolation
from the weighted boundary defect, in the Serrin estimate, and in the passage from an annular
C17 hypersurface to a radial graph. These points are not to be overlooked, particularly in higher
dimension and for disconnected or multiply connected selected sets, for which reasons it ended up

being abandoned.

5.2.4. A planar inset and radial-graph reduction. In dimension two, one can seek a selection-free
proof from a single inner level. After choosing a level at distance comparable to the square root of
the deficit, one keeps its largest connected component. The isoperimetric defect should trap this
inset in a thin annulus. Planar crossing identities can then measure the rays on which the inset
folds over itself. Cutting the corresponding outer caps, rather than filling the intervening gaps, is
expected to produce a small-amplitude radial graph. Fourier or Steklov coercivity for that graph
would conclude the planar estimate.

Several intermediate steps remain, however, unresolved in that route. One must control holes
meeting the original boundary, realize the measurable first-crossing profile by an admissible graph,
and estimate the change of torsion under cap cutting. Measure control alone is insufficient for the
last step because a set of zero area may have positive capacity. The translation mode must also be
removed without destroying radiality. These issues are specific enough to make the planar route
plausible, but they prevent it from being a proof at present, and no comparable all-dimensional

construction is known.
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